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Angiotensin-converting enzyme inhibitors
may affect pulmonary function in
lymphangioleiomyomatosis
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INTRODUCTION. A local renin-angiotensin system exists in the pulmonary nodules

of lymphangioleiomyomatosis patients. Sirolimus, the standard treatment for
lymphangioleiomyomatosis, stabilizes lung function, but all patients do not respond to or tolerate
sirolimus. As renin-angiotensin systems may affect tumor growth and metastasis, we questioned
if angiotensin-converting enzyme inhibitors affected lymphangioleiomyomatosis disease
progression.

METHODS. Retrospective study of 426 patients was performed, examining angiotensin-converting
enzyme levels, pulmonary function data, and angiotensin-converting enzyme inhibitor treatment.

RESULTS. Serum angiotensin-converting enzyme levels were elevated in approximately 33%

of patients, increased with duration of disease, and were inversely correlated with pulmonary
function. Levels decreased significantly over time with sirolimus treatment. Treatment with
angiotensin-converting enzyme inhibitors was reported by approximately 15% of patients and
was significantly associated with a slower rate of decline in percentage predicted forced expiratory
volume (FEV1) and diffusing capacity of the lungs for carbon monoxide (DLCO) in patients not
treated with sirolimus. No significant differences in rates of decline of FEV1 or DLCO were seen in
patients treated with both inhibitors and sirolimus versus sirolimus alone.

CONCLUSIONS. Angiotensin-converting enzyme inhibitors may slow decline of pulmonary function
in patients with lymphangioleiomyomatosis not treated with sirolimus. These inhibitors may be an
option or adjunct in the treatment of lymphangioleiomyomatosis. A clinical trial may be warranted
to examine this possibility.

FUNDING. NIH.

Introduction

The classical renin-angiotensin system (RAS) is associated with systemic arterial pressure regulation (1).
Renin, secreted from the kidney into the bloodstream, cleaves angiotensinogen (AGT) (expressed by the
liver) to produce angiotensin I, which is further cleaved by angiotensin-converting enzyme (ACE) (expressed
by the lungs), generating angiotensin II (Angll). Angll, working through the AnglI type 1 receptor (AT1R),
regulates blood pressure and maintains fluid and electrolyte homeostasis. A local RAS is present in most
tissues and contributes to the growth and differentiation of mesenchymal cell types (2). RAS dysfunction is
implicated in bronchial hyperresponsiveness, airway remodeling, pulmonary hypertension, chronic obstruc-
tive pulmonary disease (COPD), acute respiratory distress syndrome, and asthma (3). RAS components are
also present in different cancer types and may enhance survival, proliferation, and metastasis of tumor cells
(4, 5). Treatment with ACE inhibitors (ACEIs) is associated with a decreased risk of developing certain can-
cers (6, 7), and slows pulmonary function decline in patients with pulmonary diseases (8).

Risk of developing cancer is significantly lower in patients receiving ACEIs compared with controls
or to patients receiving other antihypertensive drugs (6, 7). A meta-analysis of 55 studies examining the
relationship between overall survival and RAS inhibition concluded that significant improvement in surviv-
al was seen in RAS-inhibitor-treated patients with renal cell carcinoma, gastric cancer, pancreatic cancer,
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Figure 1. One hundred five patients (not on sirolimus treatment, out

of 316 patients examined) had at least one fasting serum ACE activity
level greater than 52 U/I (the upper limit established by the NIH Clinical
Research Center, black line). Each column of dots represents the ACE
activity levels of a patient, measured at visits to the Clinical Center. Gray
box: patients 1-33 had ACE activity levels greater than 52 U/l less than
50% of the time. Purple box: patients 34-66 had ACE activity levels
greater than 52 U/l at least 50% of the time. Red box: patients 67-105
had ACE activity levels greater than 52 U/l at all visits.

insight.jci.org

hepatocellular carcinoma, upper-tract urothelial carcinoma, and bladder cancer compared with patients
without RAS inhibitor treatment (7). There was also a trend toward better outcome for patients with lung
cancer and melanoma treated with RAS inhibitors.

Lymphangioleiomyomatosis (LAM) is a metastatic multisystem disease primarily affecting women, with
manifestations in lungs, kidneys (angiomyolipomas [AMLs]), and/or lymphatics (lymphangioleiomyomas
[LLMs]) (9, 10). LAM is characterized by abnormal smooth muscle-like LAM cell proliferation and may
occur sporadically or as a component of tuberous sclerosis complex (TSC), an autosomal dominant disease
affecting the brain, lung, kidneys, heart, and skin. LAM lungs are characterized by cysts surrounded by LAM
nodules, composed of LAM cells, type II pneumocytes, lymphatic endothelial cells, fibroblasts, lymphocytes,
and mast cells (11-14). LAM cells have mutations in the 7SC2 gene (15), resulting in dysfunctional tuber-
in that, with hamartin (7SCI), forms a complex controlling the mechanistic target of rapamycin (mTOR)
(16). Loss of TSC2 leads to mTOR hyperactivity, resulting in abnormal cell growth and proliferation (16).
The mTOR inhibitor, sirolimus (rapamycin), stabilizes pulmonary function and decreases the size of AMLs,
LLMs, and chylous effusions (17, 18), although not all patients respond to or tolerate sirolimus (19, 20).

We have demonstrated the presence of LAM-specific RAS, with the identification of AGT, AnglI,
ACE, renin, chymase, AT1R, and AT2R in LAM lung nodules (12). In 2 studies with a limited number of
LAM patients, serum ACE activity was significantly elevated compared with healthy volunteers, but did
not correlate with pulmonary function (21, 22), nor did ACE activity decrease with sirolimus treatment
(22). To test our hypotheses that ACE has a role in LAM disease and that ACEIs may slow disease pro-
gression, we examined serum ACE activity levels and the effect of ACEIs on pulmonary function of 426
LAM patients. Serum ACE levels correlated inversely with pulmonary function, and treatment with ACEIs
resulted in slower rates of decline in pulmonary function. A prospective clinical trial examining the utility
of ACE inhibition for the LAM population may be warranted.

Results
ACE activity is elevated in a third of LAM patients. We measure ACE activity levels routinely in serum of
LAM patients; an upper level of 52 U/1 was determined by the NIH Clinical Center after analyzing the
ACE activity levels of 28 healthy fasting normal volunteers. Three hundred sixteen patients had fasting
ACE activity measurements (6.1 + 0.2 measurements per patient) performed while not receiving sirolimus
therapy (either never on treatment or pretreatment) or ACEIs. One hundred five patients had at least one
measurement greater than 52 U/, resulting in 33.2% of patients with a higher than normal ACE activity
level (Figure 1). Seventy-two (22.8%) patients had higher than normal ACE activity levels measured on at
least 50% of visits (Figure 1, purple box), while 39 (12.3%) had higher levels at all visits (Figure 1, red box).
ACE activity increases over time and decreases with sirolimus treatment. Statistical analysis was per-
formed using mixed-effects models that account for multiple measurements of ACE activity for each
patient. Fifty-nine patients had ACE activity measurements both before and during sirolimus treat-
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Figure 2. Serum ACE activity before and after sirolimus therapy. (A) Serum ACE activity increased over time in 59 patients before receiving sirolimus
therapy (blue, 0.511 + 0.262 U/I/year) (mean + SEM) and decreased over time during sirolimus treatment (orange, -1.527 + 0.333 U/I/year) (P < 0.001). (B)
Representative plots of ACE activity over time following 25 patients before and during sirolimus treatment. (C) The rate of change of ACE activity was
0.966 + 0.092 U/I/year in 316 patients either never on sirolimus or pretreatment. (D) The rate of change of ACE activity was -2.332 + 0.275 U/I/year in 73
patients during sirolimus treatment. The rates of change are significantly different (P < 0.001). Statistical analysis was performed using mixed-effects
models that account for multiple measurements of ACE activity for each patient and adjusting for the initial value and time of visit.
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ment. In these patients, ACE activity increased over time before sirolimus (0.511 + 0.262 U/1/year)
and decreased during treatment (—1.527 £ 0.333 U/1/year) (P < 0.001) (Figure 2, A and B). A simi-
lar result was seen when the comparison was expanded to all patients not receiving sirolimus versus
patients during treatment; ACE activity levels increased over time in patients not receiving sirolimus
(0.966 £ 0.092 U/1/year) (Figure 2C) and decreased over time (-2.332 + 0.275 U/1/year) in patients
treated with sirolimus (P < 0.001) (Figure 2D). Therefore, ACE activity levels increase with disease
progression and decrease with sirolimus treatment.

ACE activity correlates with VEGF-D. Angll, through AT1R, induces VEGF synthesis (5). VEGF-D is
a biomarker for LAM, with levels greater than 800 pg/ml considered diagnostic for LAM in conjunc-
tion with characteristic cysts on high-resolution CT scans (9). We compared ACE levels to the available
VEGF-D levels for 48 patients not receiving sirolimus or RAS inhibition and found that ACE activity was
significantly correlated with VEGF-D (r = 0.639, P < 0.001) (Figure 3).

ACE activity is inversely associated with pulmonary function. ACE activity levels were inversely associated
with percentage predicted forced expiratory volume (FEV1) and diffusing capacity of the lungs for carbon
monoxide (DLCO) (both P < 0.001) using mixed-effects models that adjust for the initial pulmonary function
values and sirolimus treatment. Higher ACE activity was associated with lower percentage predicted FEV1
and DLCO (Figure 4). These data suggest that ACE is an important factor in LAM disease progression.
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Treatment with ACEISs has a significant effect on the rate of decline of pulmonary function. The study popula-
tion comprised 426 female patients (Table 1). Three hundred sixty patients were never treated with ACEIs,
while 66 patients received ACEIs for 2.81 * 0.33 years (Table 2). The effect of ACEIs on pulmonary
function was analyzed using mixed-effects models that adjust for the initial pulmonary function values
and sirolimus treatment. Patients receiving ACEI treatment had higher FEV1, forced vital capacity (FVC),
FEV1/FVC, and DLCO than those not receiving ACEIs, but the differences were either not significant or
only marginally significant (Table 3). However, the rates of decline of all pulmonary function measures
(except for FEV1/FVC) were significantly slower in patients receiving ACEIs than those not treated with
ACEIs (P < 0.006) (Table 3).

Interestingly, analysis of the pulmonary function rates of change revealed a statistical interaction
between the predictors “ACEIs” and “sirolimus treatment” (P < 0.004), indicating that the effect of the
ACEI treatment differed for patients being treated with sirolimus versus those not treated with sirolimus.
This prompted us to examine the no-sirolimus-treatment subgroup (406 patients) separately from the siro-
limus-treatment subgroup (110 patients). The no-sirolimus-treatment subgroup includes patients never on
sirolimus and those with pretreatment data (Table 1). Table 4 shows the rates of change of various pulmo-
nary function values over time for each subgroup. The no-sirolimus-treatment subgroup has significantly
slower rates of decline of pulmonary function (except FEV1/FVC) in the patients treated with ACEIs than
in those not treated with ACEIs. The rates of change of most of the pulmonary function values did not
vary significantly in the sirolimus-treatment subgroup between those receiving ACEIs and those not receiv-
ing ACEISs, except for percentage predicted FVC, which appears to have a slower rate of improvement in
the presence of ACEIs and sirolimus versus sirolimus alone (P = 0.015).

Discussion
Serum ACE levels were elevated in approximately 33% of LAM patients for at least one visit and in 12.3% of
patients for all visits (Figure 1), and higher serum ACE levels were inversely associated with lower FEV1 and
DLCO (Figure 4). Serum ACE levels increased over time in patients not receiving sirolimus but decreased sig-
nificantly in patients treated with sirolimus (Figure 2). These data suggest that ACE may have a role in LAM
progression. Both a study with 58 LAM patients (45 with definite LAM, 13 with probable LAM) (21) and one
with 102 LAM patients (conference abstract) (22) found serum ACE levels to be significantly higher in LAM
patients than healthy controls. Neither study found an association with pulmonary function, nor did one
study find an effect of sirolimus on serum ACE levels (22). These differences may be attributable in part to the
number of patients examined; our study includes multiple serum ACE measurements for 330 LAM patients.
We examined the effects of ACE inhibition on pulmonary function of LAM patients through a ret-
rospective study involving 426 patients. Treatment with ACEIs resulted in significantly slower rates of
decline of pulmonary function than those seen with no ACEI treatment (Table 3) using mixed-effects
models that adjusted for sirolimus treatment. When the group was divided into no-sirolimus-treatment
versus sirolimus-treatment groups, treatment with ACEIs resulted in slower rates of decline in pulmonary
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Figure 4. Serum ACE activity was inversely correlated with FEV1 and DLCO. Serum ACE activity was inversely correlated with percentage predicted FEV1

(A) and DLCO (B) (both P < 0.001) using mixed-effects models controlling for initial values and sirolimus treatment. Measurements of ACE activity from 330
patients (including both measurements before and during sirolimus treatment; 257 patients never began sirolimus therapy, 59 patients have measurements
both before and during therapy, and 14 patients have measurements only during therapy) were compared to the percentage predicted FEV1 or DLCO values
recorded at the same visit to the NIH. The trend lines on the graphs were created by Excel and are for visual purposes only, as mathematical models were
created for both percentage predicted FEV1 and DLCO. The models for patients not on sirolimus are (i) FEV1 = 18.4895 + (0.9156 x [initial FEV1]) - (0.06942 x
[ACE activity]) - 10.4531 - (1.4638 x time); (i) DLCO = 17.4347 + (0.9044 x [initial DLCO]) - (0.09381 x [ACE activity]) - 8.9540 - (1.4636 x time). During sirolim-
us therapy, the models are (iii) FEV1 = 18.4895 + (0.9156 x [initial FEV1]) - (0.06942 x [ACE activity]) - (1.4638 x time); (iv) DLCO = 17.4347 + (0.9044 x [initial
DLCO]) - (0.09381 x [ACE activity]) - (14636 x time).

insight.jci.org

function in patients not being treated with sirolimus; however, the rates were not significantly different in
patients treated with sirolimus (Table 4), suggesting that sirolimus and ACEIs may impact the same path-
way in LAM disease or that sirolimus treatment overwhelms ACEI treatment effects. AGT, Angll, ACE,
renin, chymase, AT1R, and AT2R are present in pulmonary LAM nodules (12). Chymase may also cleave
Angl to produce AnglII (23) in LAM lung nodules. Activation of a LAM-specific RAS or dysregulation of
the pulmonary RAS could promote LAM disease in several ways, including stimulation of angiogenesis/
lymphangiogenesis, metastasis, inflammation, and cell proliferation, and effects on the LAM cell micro-
environment and tissue remodeling (4, 5) (Figure 5). RAS signaling is complex; here, we will focus on
possible effects due to stimulation of AT1R by AnglI.

The RAS plays a role in tumor-associated angiogenesis, with induction of VEGF by AnglI in
tumor stroma (24). LAM is characterized by high levels of VEGF-D (25), which are associated with
lymphangiogenesis (14). In a mouse model of gastric cancer, RAS inhibition significantly decreased
lymphatic microvessel density and VEGF-C expression (26). VEGF-C and VEGF-D induce LAM cell
proliferation through cross-talk with lymphatic endothelial cells (27). Here, ACE activity was signifi-
cantly correlated with VEGF-D (Figure 3), suggesting that an increase in AnglI generation by ACE
may result in increased VEGF-D (5).

The RAS may affect the tumor microenvironment (Figure 5), as stromal cells such as endothelial cells,
fibroblasts, monocytes, macrophages, and neutrophils may express components of RAS (28). Cancer-asso-
ciated fibroblasts can be regulated by RAS to maintain inflammation and promote a protumorigenic micro-
environment. Fibroblasts within the LAM nodule affect the LAM cell microenvironment and intercellular
signaling (13). AnglI can stimulate the release of cytokines from both tumor and stromal cells, including
IL-6, IL-8, COX-2, MCP-1, and TGF-f (28). Expression of COX-2 is elevated in TSC2-deficient cells and
LAM lungs, and through effects on prostaglandin production may impact cancer development (29). Simi-
larly, MCP-1 levels in bronchoalveolar lavage fluid from LAM patients are significantly higher than those
seen in female normal volunteers, and MCP-1 stimulates the migration of LAM cells (30).

Dysregulated TGF- signaling plays a role in COPD, with elevated expression of TGF-§ in the
lungs (31). AnglI stimulates TGF-f expression through AT1R (28). A mouse model of COPD, with
cigarette smoke exposure, showed airspace destruction and increased TGF-f and lung size (31).
Mice treated with losartan, an angiotensin II receptor blocker (ARB), showed normal lung size and
lung elastance and reduced inflammatory cell infiltration into the lungs (31). Abundant TGF-$ was
observed by immunohistochemistry in LAM lungs (32), as was fibronectin, which is expressed in

https://doi.org/10.1172/jci.insight.126703 5
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Table 1. Clinical characteristics of the study population (426 female patients)

‘ No sirolimus use or pretreatment® Sirolimus treatment”
Total 406 10
Asian 22 (5.4)8 6(5.5)
Ethnicity African-American/Black 23(5.7) 1(0.9)
Caucasian/White 351(86.5) 94 (85.5)
Other 10 (2.5) 9(8.2)
no 327 (80.5) 88 (80.0)
TSC yes 74 (18.2) 20 (18.2)
unknown 5(1.2) 2(1.8)
no 199 (49.0) 60 (54.5)
AML yes 200 (49.3) 50 (45.5)
unknown 7(1.7) 0
Disease manifestation® Pleural effusion/ascites no 315 (77.6) 79 (71.8)
yes 91(22.4) 31(28.2)
no 304 (74.9) 73 (66.4)
LLM yes 97 (23.9) 35 (31.8)
unknown 5(1.2) 2(1.8)
Pneumothorax no 200 (49.3) 55 (50.0)
yes 206 (50.7) 55 (50.0)
e no 356 (87.7) 89 (80.9)
ACE inhibition ves 50 (12.3) 21(19.1)

AThe no-sirolimus-treatment group includes pulmonary function data from visits of patients never treated with sirolimus and the pretreatment visits
of those eventually treated with sirolimus. Ninety patients overlap the no-sirolimus-treatment and sirolimus-treatment groups. ®Data are number
(percentage). “Numbers indicate patients with a history of the specific disease manifestation. TSC, tuberous sclerosis; AML, angiomyolipoma; LLM,

lymphangioleiomyoma.

insight.jci.org

response to TGF-f, suggesting that fibronectin and TGF-f may stimulate LAM cell proliferation and
lung remodeling (32). Inhibition of Angll activation of TGF-§ expression by ARB or ACEI may
impact lung remodeling in LAM.

RAS may affect cell signaling pathways known to have a role in LAM pathogenesis (Figure 5). Levels of
p-Statl/Statl and p-Stat3/Stat3 were increased in LAM lung compared with normal lung, suggesting a per-
turbation in Jak/Stat signaling in TSC-deficient cells (33). Stat3 activation is also required for proliferation and
survival of TSC-dysfunctional cells (34). AnglI induces the phosphorylation of both Statl and Stat3 in vascular
smooth muscle cells through AT1R (35), and thus, may play a role in LAM cell proliferation and survival.

Stimulation of AT1R by AnglI activates Akt and ERK pathways, leading to inhibition of TSC2 and acti-
vation of mTOR, resulting in cell growth and proliferation (36). Hyperactivation of mTOR due to the loss of
TSC2 function is a characteristic of LAM, and sirolimus is administered to slow LAM cell growth. We found

Table 2. ACEls prescribed for LAM patients

ACEI No sirolimus treatment Sirolimus treatment
Benazepril 7 0
Captopril 1 0
Cilazapril 1 0
Enalapril 5 3
Lisinopril 36 18
Quinapril 3 0
Ramipril 2 0
Trandolapril 1 0

Data are numbers of patients that were prescribed the drug. Some patients may have been prescribed more than one
drug over time.

https://doi.org/10.1172/jci.insight.126703 6
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Table 3. ACEI treatment affects the rate of change of pulmonary function

Treatment

No ACEI* ACEI* P value®
FEV1 (1) 1.96 + 0.01° 2.00 +0.02 0.051
FEV1 (percentage predicted) 741+ 0.4 754 + 0.8 0.061
FVC (1) 3.11+0.01 3.14 + 0.02 0.220
FVC (percentage predicted) 90.1+04 91.2+ 0.7 0.113
FEV1/FVC 0.626 + 0.003 0.632 + 0.005 0.139
DLCO (ml/min/mmHg) 14.32 + 0.09 14.61+ 0.15 0.047
DLCO (percentage predicted) 68.8+ 0.4 701+0.7 0.069
Rate of change of FEV1 (I/yr) -0.058 + 0.001 -0.036 + 0.006 <0.001
Rate of change of FEV1 (percentage predicted/yr) -1.54 + 0.05 -0.83+0.21 0.001
Rate of change of FVC (I/yr) -0.044 + 0.002 -0.011+ 0.007 <0.001
Rate of change of FVC (percentage predicted/yr) -0.64 + 0.05 0.37+0.20 <0.001
Rate of change of FEV1/FVC (per yr) -0.011 + 0.0003 -0.011+ 0.0014 0.795
Rate of change of DLCO (ml/min/mmHg/yr) -0.412 + 0.0M -0.253 + 0.043 <0.001
Rate of change of DLCO (percentage predicted/yr) -1.67 + 0.05 -1.09 + 0.21 0.006

Mixed-effects models were used to examine the effect of ACEI treatment on the whole study population, controlling for sirolimus treatment. AThree hundred
sixty patients were never treated with ACEls, while 66 patients received ACEI treatment for 2.81 + 0.33 years. Twenty-one of the 66 patients were also treated
with sirolimus. 8P values were adjusted for the initial values of each pulmonary function test, time of visit, and sirolimus treatment. ‘Data are mean + SEM.

that the rates of decline in pulmonary function were not significantly different between patients treated with
sirolimus and ACEIs and those treated with sirolimus alone (Table 4). This result suggests that sirolimus and
ACETISs are both affecting the mTOR pathway, as the effects were not additive. Sirolimus may also be decreas-
ing the number of LAM cells, leading to a decrease in ACE expression/activity, and resulting in less effect of
ACEIs. While not statistically significant, treatment with ACEISs in addition to sirolimus may reduce the decline
in pulmonary function (FEV1: 0.164% * 0.431% predicted/year; DLCO: 0.132% = 0.292% predicted/year) in
comparison with the continued decline seen with sirolimus alone (FEV1: —0.135% = 0.135% predicted/year;
DLCO: -0.162% % 0.092% predicted/year) (Table 4). It may be necessary to follow more patients for longer to

Table 4. Effect of ACEls on the rate of change of pulmonary function in the no-sirolimus-treatment subgroup versus the sirolimus-
treatment subgroup

Treatment®
Rate of change No sirolimus Sirolimus
No ACEI ACEI Pvalue® No ACEI ACEI Pvalue®
n 356 50 89 21
FEV1 (I/yr) -0.066 + 0.001° -0.042 + 0.006 <0.001 -0.012 + 0.004 0.002 + 0.012 0.432
FEV1 (percentage -1.80 + 0.06 -1.01+0.24 0.001 -0.19+0.14 0.21+ 044 0.400
predicted/yr)
FVC (I/yr) -0.050 + 0.002 -0.018 £ 0.008 <0.001 -0.005 + 0.005 0.018 + 0.016 0.180
FVC (percentage -0.79 £ 0.05 014 +0.23 <0.001 0.29 + 0.15 0.16 £ 0.50 0.015
predicted/yr)
FEV1/FVC (per yr) -0.013 + 0.000 -0.013 + 0.002 0.892 -0.003 + 0.001 -0.003 £ 0.002 0.907
DLCO (ml/min/ -0.480 £ 0.012 -0.315 + 0.050 0.001 -0.053 +0.019 0.014 + 0.061 0.296
mmHg/yr)
DLCO (percentage -1.95 + 0.06 -140 £ 0.24 0.025 -0.17 £ 0.08 0.22+0.29 0.212
predicted/yr)

ATime on treatment (mean + SEM): ACEls with no sirolimus, 50 patients for 2.77 + 0.39 years; ACEls and sirolimus, 21 patients for 2.76 + 0.51 years. ®When the
total population was examined, a statistical interaction between the predictors “sirolimus treatment” and “ACEIs” was observed (P = 0.004). This interaction
indicates that different associations may be found if the effect of ACEls is examined in the population not receiving sirolimus treatment as compared with the
group receiving sirolimus treatment. P values were adjusted for the initial values of each pulmonary function test and time of visit. ‘Data are mean + SEM.
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Figure 5. Pathways impacted by RAS that may play a role in LAM disease. The components of RAS found in LAM
lung nodules include AGT, renin, ACE, Angll, AT1R, and AT2R, while chymase, which can also cleave Angl to generate
Angll, is detected in mast cells present in the nodules as well (components of LAM RAS in red). Stimulation of AT1IR
by Angll can promote fibrogenesis and tissue remodeling (through TGF-), cell proliferation and/or motility (through
TGF-B, Stat3, PKC, tyrosine kinases [TyrK], serine/threonine kinases [Ser/Thr-K], and ERK and Akt inhibition of
TSC2 resulting in mTOR activation), angiogenesis/lymphangiogenesis (through VEGF), and metastasis (due to
VEGF-stimulated lymphangiogenesis and IL-6-, IL-8-, IL-1a-, IL-1B-, Cox2-, and MCP1-stimulated inflammation

and creation of a protumorigenic environment). MMPs also affect tissue remodeling and are present in LAM lung
nodules, with a sirolimus-insensitive increase in MMP2 expression in TSC2-deficient cells. Sirolimus inhibits mTOR
activity and is the treatment of choice for LAM patients. ARBs block the activation of AT1Rs, while ACEls inhibit ACE
activity and the cleavage of Angl to Angll. ACEls can directly bind to MMPs and inhibit their activity; thus, ACEls may
impact an extra aspect of tissue remodeling not affected by ARBs.

determine if RAS inhibition, which might influence more aspects of LAM pathogenesis and progression than
just mTOR, could significantly add to the sirolimus-induced effects on pulmonary function.

Matrix metalloproteinases (MMPs) participate in the cystic destruction of the LAM lung (37), espe-
cially MMP-2 and MMP-9. Expression of MMP-2 is upregulated in 7SC2-deficient cells in a sirolimus-in-
sensitive manner (37). ACEIs can inhibit MMP activity directly by binding to the active site of the MMP
(38, 39). ACEI treatment may be affecting the LAM cell by inhibition of MMPs, thereby slowing the cystic
destruction of the lungs, resulting in slower rates of decline in lung function over time.

The most frequent adverse reactions to sirolimus therapy (in at least 40% of patients) include hypercho-
lesterolemia, upper respiratory tract infections, stomatitis, diarrhea, peripheral edema, acne, hypertension,
headaches, and leukopenia (20). Some LAM patients are unable to continue treatment with sirolimus due
to the side effects. Other LAM patients do not respond to sirolimus and continue to lose lung function
quickly (17-19). Patients may not respond to sirolimus for a number of reasons, including having lung dis-
ease that is less dependent on mTOR dysregulation as a cause of tumorigenesis or recruitment of wild-type
cells that support LAM cell growth and lung destruction independently of mTOR activation (13, 19, 40).
For these patients, treatment with ACEIs may be an alternative. A prospective clinical trial examining the
effects of ACE inhibition on LAM disease progression may be warranted.

Methods

Study population, ACE activity measurements, and pulmonary function testing. The retrospective study included
426 LAM patients, diagnosed by biopsy or by high-resolution CT scan with characteristic cysts and the
presence of TSC, AML, LLM, elevated VEGF-D, and/or pleural effusions (9) (Table 1). Information about
ACEI and sirolimus use was obtained from patients’ histories (Table 2). All medications were prescribed by
the patients’ personal physicians. The sirolimus group included 102 patients receiving sirolimus, 4 receiving
everolimus, and 4 who switched from one drug to the other.

Fasting serum ACE activity was measured at the NIH Clinical Center Department of Laboratory Med-
icine by a photometric assay (Roche Cobas €601 analyzer). Normal levels for serum ACE activity, as deter-
mined in the clinical laboratory after analysis of 28 healthy, fasting, normal volunteers, were 3-52 U/L.
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. CLINICAL MEDICINE

insight.jci.org

Pulmonary function tests were performed (18) according to the standards of the American Thoracic
Society and European Respiratory Society.

Statistics. Multiple measurements of ACE activity or pulmonary function for each patient were ana-
lyzed using mixed-effects models. These analyses were adjusted for variables such as baseline FEV1 and
DLCO (from the first visit or the first visit on sirolimus), time of visit, and sirolimus treatment. Data analy-
sis was performed with SAS 9.3. A P value less than 0.05 was considered significant.

Study approval. Protocols were approved by the National Heart, Lung, and Blood Institute IRB (proto-
cols 95-H-0186 and 96-H-0100); written informed consent was obtained from all participants.
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